COMMUNICATION
To provide a molecular insight for guiding polymer coating in surface science and nanotechnology, here we examined the structures of brushed polyethylene glycol(bPEG)-and phosphorylcholine(bPC)-grafted iron oxide nanoparticles and analyzed their protein avoiding properties. We show bPC as an advantageous biomimetic alternative to PEG in rendering stealth nanostructures.
Polyethylene glycol (PEG) has been widely used as a grafting agent in biomedical and surface sciences. 1 Since ethylene oxide can readily form hydrogen bonds with water, PEG is completely miscible in water 2 and adopts an expanded conformation with high mobility in aqueous media. 1 Both small angle neutron scattering (SANS) and computational studies have revealed that the structure of PEG depends on its molecular weight (MW), concentration, temperature, and the solvent and ions of the environment. 3 Accordingly, PEGylation ascribes the stealth effect to engineered implants, films and nanostructures against immune responses from their biological hosts [4] [5] [6] and confers a resistance to the adsorption of plasma proteins 7 from rendering a protein "corona".
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Despite its prevalent use, PEG in either linear or brushed form is not biodegradable and a chronic administration renders accumulation of the polymer in vivo with unknown consequences. In addition, repeated dosing of PEG gives rise to accelerated blood clearance, 9 thereby compromising the circulation and efficacy of PEGylated drugs and nanocarriers. Furthermore, PEG polymers were found to bind hen-egg white lysozyme through hydrophobic interaction as indicated by proton nuclear magnetic resonance spectroscopy. 10 Recently, proteomic studies have revealed that poly(alkyl cyanoacrylate), poly(lactic acid), gold nanoparticles (NPs) and PEGylated polystyrene are prone to the adsorption of apolipoproteins A-1 and E as well as complement proteins that play important roles in immunogenicity, [11] [12] [13] while anti-PEG antibodies have been found in healthy subjects and in patients treated with PEGconjugated agents. 14 These findings point to the urgent need of developing additional grafting strategies for biotechnological and biomedical applications. Phosphorylcholine (PC) is the head group of phosphatidylcholine and sphingomyelin and corresponds to a major component of cell membranes. As a result of its biomimetic properties, PC has been applied as an antifouling agent for the treatment of surfaces and nanostructures against protein adsorption. 6, [15] [16] [17] [18] [19] We have recently demonstrated a facile scheme of grafting superparamagnetic iron oxide nanoparticles (IONPs) with poly(2-(methacryloyloxy)ethyl phosphorylcholine) (poly(MPC)) brushes via a phosphonic acid linker. 20 In consideration of the widespread applications of PEGylation and IONPs and in light of the vast potential of PC as a grafting agent for NP synthesis and engineering, here we combined computational modelling with experimental characterizations to study the structures of IONPs grafted with PEG and PC brushes and examine their antifouling properties against human serum albumin (HSA), the most abundant protein in the blood plasma. We applied discrete molecular dynamics (DMD) simulations, a rapid molecular dynamics method with proven predictive power for describing the structures and dynamics of proteins, [21] [22] [23] polymers, 24 and nanoparticles. 25, 26 We used a united atom representation to model linear PEG, bPEG and bPC (adopted from our recent synthesis, 20 Fig . 1A ). Since the radii of gyration (R g ) of linear PEG with different molecular weights have been measured experimentally, 27, 28 we first evaluated whether DMD simulations could recapitulate the experimental observations. In DMD simulations, the polymers rapidly reached equilibrium with Therefore, the scaling exponent (>0.5 for a Gaussian chain) obtained from our DMD simulations and previous studies suggests that linear PEG adopts a self-avoiding random conformation in aqueous solution.
We next examined the conformational properties for all three types of polymers by computing their auto-correlations as a function of polymer repeating number along the backbone (Methods in ESI; † Fig. 1C ). The auto-correlation coefficient of linear PEG approached zero after 6 repeating units (-CH 2 -CH 2 -O-), while bPEG and bPC featured higher persistence lengths.
The slowest decay of the auto-correlation function of bPC suggests that bPC was the most rigid. To provide a more detailed structural comparison between bPEG and bPC, we computed the end-to-end distance along the main chain, R g , and the ellipticity e (Fig. 1D) . The ellipticity e quantifies the overall shape of a molecule, where a large e-value indicates deviation from a spherical structure (e = 0). bPEG and bPC had similar R g values, but displayed different morphologies (Fig. 1C, inset snapshots) . Specifically, bPC possessed a larger end-to-end distance and much higher ellipticity (∼1) with a rod-like shape. With PC being shorter, bPC appeared like a "comb" (Fig. 1C) . In comparison, bPEG displayed a more spherical architecture due to their longer and well-expanded PEG side chains.
Following the procedures described in our previous publication, 20 we synthesized IONPs grafted with bPEG, bPC, and their mixture to determine their protein antifouling properties (Methods in ESI; † Fig. 2 ). To facilitate tracking of IONPs we also attached Cyanine5 amine (Cy5) fluorophores to bPEG ( Fig. 2A and C) . Transmission electron microscopy (TEM) imaging was performed to determine the primary size distributions of the IONPs (Fig. 2B) . The IONPs were spherical in shape and 11.4 ± 3.6 nm in diameter in all cases. No coating layers were visible under TEM due to the low electron densities of PC and PEG. We measured the absorption spectra of the florescent IONPs and the controls (Fig. 3A) . For IONP grafted with 100% Cy5-bPEG, the absorption spectrum near 660 nm is consistent with that of Cy5 and the peak near 600 nm is reminiscent to that of bare IONP. Upon replacement of half of the Cy5-bPEG by bPC, the florescence of the remaining Cy5-bPEG was fully quenched. As PC groups had little direct effect on the optical properties of Cy5, this quenching was likely due to the conformational changes of bPEG induced by bPC on the IONP surfaces. To understand this phenomenon, we subsequently modelled all three different types of IONPs, grafted with 100% bPEG, 100% bPC and 50 : 50 bPEG/bPC. Due to the size heterogeneity of IONPs (Fig. 2) , we included two IONP sizes of 10 nm and 7 nm in diameter in the simulations. We followed a previous computational approach 26 to model the ligand-grafted
NPs with a total of 50 ligands per NP, approximating the average number of ligands per NP during experimental synthesis. 20 As a result, the ligand density for the 7 nm IONP approximately doubled that of the 10 nm IONP. It has been shown that mixing two different types of ligands on a NP surface may result in formation of specific patterns, such as the striped configurations. 3, 26, 32, 33 Following the thermodynamics model of binary self-assembled monolayer (bSAM), we estimated the potential energy of the molecular system as the function of temperature for both randomly mixed and phase separated states of bPEG and bPC (Fig. S2 †) . We found that the two states had similar potential energies within a wide range of temperatures (including 300 K), suggesting that the two ligands were miscible with each other and that complete or partial phase separation (i.e., the striped state 32 ) was thermodynamically unfavourable for the bPEGbPC mixture (Fig. S2 †) . We therefore modelled the bPEG-bPC grafted IONP with random distribution of the ligands. To quantify the conformational changes of bPC and bPEG due to inter-ligand interactions on the IONP surface, we computed the height of ligand defined as the shortest distance from the terminal atom of the ligand to the IONP surface. For each IONP grafted with 100% bPEG, 100% bPC or 50 : 50 bPEG-bPC, the average height for bPEG and bPC were computed (Fig. 3B ). Ligands with a higher grafting density on a smaller IONP presented an overall higher average height due to enhanced steric repulsion. Since the spherical bPEG has larger projected surface area and less height than the cylindrical bPC (Fig. 1) , a bPEG grafted IONP displayed a more crowded surface ligand coverage than a bPC grafted IONP (Fig. 3C) . Therefore, ligands on bPEG grafted IONP experienced stronger lateral constraints than those on bPC grafted IONP. Upon mixing, the average height of bPEG deceased since their neighboring bPC occupied less surface areas and the lateral constraints on bPEG were relaxed. On the other hand, the average height of bPC increased since the ligands experienced a higher lateral constraints from their adjacent bPEG. Such conformational changes were more significant on the surface of smaller IONP (Fig. 3B) . Therefore, the shorter distance between the Cy5 fluorophore of bPEG and the IONP core -a fluorescence quencher 34, 35 -resulted in a stronger fluorescence quenching observed experimentally for bPEG-bPC grafted IONP (Fig. 3A) .
To estimate the antifouling capacities of bPEG and bPC grafted IONPs within the blood plasma, thermogravimetric analysis (TGA) was performed to determine the amounts of HSA adsorbed on bare IONPs and IONPs grafted with bPEG, bPC or bPEG-bPC (50 : 50) (Fig. 4A) . All IONPs lost mass between 220°C and 420°C, which can be attributed to the decomposition of the grafting polymers and HSA. In the absence of polymer coating, the weight loss of bare IONPs was ∼4.0% due to water and impurities desorbed from the IONP surfaces. The differences between IONP samples with and without HSA incubation quantified the amount of HSA bound to the IONPs. Specifically, HSA displayed strongest binding for bare IONPs (14.6%) (Table S1 †), while bPEG-IONP, bPC-IONP and bPEG-bPC-IONP bound 61%, 66% and 58% less of HSA than bare IONPs in comparison. These differences in antifouling were due to the two-step grafting of bPEG and bPC as well as bPEG-bPC mutual interactions in bPEG-bPC-IONP to impact R g and excluded volume, aside from the differences between PEG and PC.
We performed DMD simulations to understand the binding of HSA with IONPs grafted with different ligands. Given the large system size, we applied umbrella sampling to characterize the binding free energy landscape. We modelled IONPs with diameters of both 7 nm and 10 nm, each of which was functionalized by either bPEG or bPC. Considering the large size of HSA with a dimension of 6 × 6 × 8 nm and MW of 66.5 kDa, we kept the protein static and IONP flexible in the simulations. We used the inter-molecular distance between the centers of both IONP and HSA, r center , as the reaction coordinate. For each umbrella simulation with a given distance range of r center , we performed binding simulations with six different orientations to account for the irregular shape of HSA while assuming the relative homogeneity of the IONPs. We estimated the potential of mean force (PMF) as a function of r center using the weighted histogram analysis method (WHAM). 36 For binding comparison we aligned the free energy basins of the bound states for both cases. For the 10 nm IONPs, both bPEG and bPC grafted IONPs displayed weak barriers (e.g., 1K B T ∼ 0.6 kcal mol −1 at 300 Kelvin) between the bound and unbound states (Fig. 4B) , suggesting weak binding of HSA with both ligand-grafted IONPs. The free energy basin of bPEG-IONP binding with HSA was significantly wider than that of bPC-IONP, possibly due to the softer structure of bPEG accommodating more HSA binding conformations (Fig. 1B) . By integrating the one dimensional (1D)-PMF and assuming the same free energy for the unbound state of both molecular systems, we found that bPEG-IONP bound slightly stronger to HSA than bPC-IONP (ΔΔG ∼ −0.1 kcal mol −1 ; Methods in ESI †). Despite the small difference in binding energy, the correspondingly estimated ratio of protein binding, exp(ΔΔG/K B T ) ∼ 0.85, was remarkably consistent with the experimentally observed relative binding of HSA (e.g., 4.9/5.7 -0.86; Fig. 4A , Table S1 †). In the case of 7 nm IONP with an approximately double grafting density, we did not observe any distinctive barriers separating the bound and unbound states (Fig. 4C) indicating complete repulsion of HSA. With a higher ligand grafting density, the grafting layer became thicker (e.g., the larger ligand height in Fig. 3 ) with a better ligand coverage (Fig. 4D) . For example, the weak binding of HSA with 10 nm IONP is due to a large contact area between HSA and ligands, which can be accommodated by ligand rearrangement on the NP surface. While in the case of 7 nm IONP, the fully covered grafting layer with stronger lateral constraints (Fig. 3B) could elastically push the protein away to result in a net repulsion (Fig. 4C) . Given the heterogeneities of NP size and ligand grafting density in synthesis, our results suggest that HSA prefer to bind IONPs with lower ligand grafting densities. Additionally, for IONPs with different diameters, the more rigid bPC featured stronger repulsion to HSA than bPEG (Fig. 4B-D) . Therefore, bPC possessed a higher anti-fouling capacity than bPEG, further enhanced by the feasibility of a higher grafting density due to its cylindrical shape. In consideration of the widespread applications of polymeric materials, this study offers crucial new knowledge for guiding the design and synthesis of stealth nanostructures for nanomedicine and nanobiotechnology.
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